Werner syndrome (WS) is a premature aging disorder, displaying defects in DNA replication, recombination, repair, and transcription. It has been hypothesized that several WS phenotypes are secondary consequences of aberrant gene expression and that a transcription defect may be crucial to the development of the syndrome. We used cDNA microarrays to characterize the expression of 6,912 genes and ESTs across a panel of 15 primary human fibroblast cell lines derived from young donors, old donors, and WS patients. Of the analyzed genes, 6.3% displayed significant differences in expression when either WS or old donor cells were compared with young donor cells. This result demonstrates that the WS transcription defect is specific to certain genes. Transcription alterations in WS were strikingly similar to those in normal aging: 91% of annotated genes displayed similar expression changes in WS and in normal aging, 3% were unique to WS, and 6% were unique to normal aging. We propose that a defect in the transcription of the genes as identified in this study could produce many of the complex clinical features of WS. The remarkable similarity between WS and normal aging suggests that WS causes the acceleration of a normal aging mechanism. This finding supports the use of WS as an aging model and implies that the transcription alterations common to WS and normal aging represent general events in the aging process. W erner syndrome (WS) is an autosomal recessive disease characterized by early onset of many signs of normal aging, such as graying of the hair, scleroderma-like skin changes, ocular cataracts, diabetes, degenerative vascular disease, osteoporosis, and high incidence of some types of cancers (1). As a segmental progeroid syndrome, WS does not exhibit all of the features of normal aging but nevertheless is a very useful model system for the molecular study of normal aging.
W
erner syndrome (WS) is an autosomal recessive disease characterized by early onset of many signs of normal aging, such as graying of the hair, scleroderma-like skin changes, ocular cataracts, diabetes, degenerative vascular disease, osteoporosis, and high incidence of some types of cancers (1) . As a segmental progeroid syndrome, WS does not exhibit all of the features of normal aging but nevertheless is a very useful model system for the molecular study of normal aging.
The molecular basis of WS is a single mutation in the WRN gene, resulting in a truncated WS protein (WRN) characterized by a loss of nuclear localization signal and protein function (2) . WRN has been demonstrated to possess helicase and exonuclease activities (3, 4) and belongs to the RecQ family of helicases. Various defects in DNA replication, recombination, repair, and transcription are found in WS fibroblasts (reviewed in ref. 5) . The mechanisms by which the biochemical deficiencies resulting from WRN mutations lead to the characteristic pathology of the syndrome are not yet understood. It has been hypothesized that several WS phenotypes are secondary consequences of aberrant gene expression (6) and that a transcription defect may be crucial to the development of the syndrome (7) . Increasing evidence suggests that WRN has a role in transcription. Human WRN activates transcription in a yeast system (8) , and recent studies from this laboratory demonstrated that RNA polymerase (pol) II transcription is reduced by 40-60% in WS cells, indicating a primary defect in transcription (7) . Supporting this finding, we found that RNA pol II transcription is restored to normal levels by addition of wild-type WRN protein to WS cell extracts (7) . So far, it has not been determined whether the WS transcription defect is global or localized to certain genes, and the roles for WRN in transcription remain elusive (9) . This result prompted us to investigate the role of WRN in the differential expression of individual genes.
We used cDNA microarrays to study expression of 6,912 RNA pol II transcribed genes in a panel of 15 primary human fibroblast cell lines derived from normal young donors, normal old donors, and WS patients.
Materials and Methods
Cell Lines and Culture Conditions. Fifteen primary human skin fibroblast cell lines were obtained from Coriell Cell Repositories (Camden, NJ) and classified into three groups based on genotype as listed in Table 1 : normal young (avg. 22.5 yr, n ϭ 6), normal old (avg. 90 yr, n ϭ 5), and WS (avg. 29 yr, n ϭ 4). Cells were cultured in minimal essential medium supplemented with 10% FBS, 1% penicillin͞streptomycin, 1% L-glutamine, and Geneticin G418 (400 g͞ml) (all components were from Life Technologies, Gaithersburg, MD).
RNA Isolation and Microarray Hybridization.
Single-channel labeling 33 P nylon membrane-based cDNA microarrays containing 6,912 genes and ESTs were provided by the DNA Array Unit (DAU), National Institute on Aging, National Institutes of Health. Array hybridization and data analysis were supervised by the DAU and carried out as described (10, 11) . Protocols on array printing, labeling, and hybridization, as well as information on software packages, are available at the DAU web site (www.grc.nia.nih. gov͞branches͞rrb͞dna͞dna.htm). Hybridization intensities were quantitated by using ARRAY-PRO analysis software (Media Cybernetics, Silver Spring, MD), then stored as EXCEL spreadsheets. See also Supporting Text, which is published as supporting information on the PNAS web site, www.pnas.org.
Microarray Data Analysis and Significance Statistics. To eliminate noise from low-level expression, spots quantified at Ͻ10 were replaced by the value 10 (Ͼ25 data points). Nonspecific uniform background across entire arrays due to experimental variation was normalized in EXCEL by using global normalization. The data value for each spot on each membrane was divided by the median intensity value of that membrane to obtain a normalized intensity value. Changes in gene expression between different RNA groups were then calculated by dividing the median of four replicate microarray measurements. The resulting value, referred to as the fold difference, was tested for significance following the guidelines suggested by Miller et al. (12) and others (13) . Based on the variance between replicates, the number of replicates, and the number of genes analyzed, we determined the expected number of false positives for any given fold difference. At 1.5-fold difference, the two-tailed P value was 0.0006; thus, This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: WS, Werner syndrome; WRN, WS protein; pol, polymerase; CV, coefficient of variation; DAU, DNA Array Unit.
0.06% of genes were likely to show a fold difference Ͼ1.5 by chance. Assaying 6,912 genes, that correlates to (6,912 ϫ 0.0006) ϭ 4.1 false positives. Four hundred thirty-five genes were different between groups by Ͼ1.5-fold, resulting in a low false discovery rate (false positives͞true positives) of 4.1͞435 ϭ 0.9%. Genes were categorized as being similarly transcribed in WS and normal aging if expression correlated within 0.5-fold; that is, [(fold change WS͞Young) Ϫ (fold change Old͞Young)] Ͻ 0.5. Tables of differentially expressed genes were generated by using GENESPRING software (Silicon Genetics, Redwood City, CA).
Verification of Microarray Data by Gene-Specific Relative RT-PCR.
The RNA isolated to generate probes for the arrays (young and old donors) was used for RT-PCR with Ambion's RETROscript kit following the protocol provided by Ambion (Austin, TX). Genespecific primers were purchased from Ambion, primer sequences were obtained from Research Genetics (Huntsville, AL), and oligonucleotides were synthesized by Invitrogen.
Results
Supporting Information. The complete cDNA microarray data can be found in Tables 3-8 , which are published as supporting information at the PNAS web site, www.pnas.org. The supporting information contains the raw data, normalization, analysis of intra-vs. inter-group variability, variability between replicates, and pooled vs. individual gene expression, with all genes identified in the study. Expression levels of six randomly picked genes from Table 2 were measured by RT-PCR. As shown in Fig. 1C , RT-PCR analysis confirmed expression ratios measured by microarrays, correlating for both under-and overexpressed genes. The RT-PCR data, together with the statistics on variability, validate the reproducibility of our data. We have previously demonstrated that mRNA expression levels obtained by using this microarray platform correlate with Northern blotting (10) .
Experimental Design and Reproducibility Statistics. The goal of this study was to determine gene expression changes in WS and old age. However, sources of gene expression changes that can complicate interpretation include biological and experimental variability, as well as genetic background differences between individuals. To minimize the effect of these variables, we used the following experimental strategy (Fig. 1 A) , based on previously published designs (14) (15) (16) . First, to verify that the growth conditions used in this study resulted in reproducible gene expression measurements, cells from each donor were grown up twice and RNA was isolated separately (biological replicates). The average coefficient of variation (CV ϭ SD͞mean) between biological replicates was 0.11. Variation due to technical issues was assessed by generating two independent probe preparations from each of these two RNA samples and hybridizing them to separate arrays, resulting in a CV of 0.12 (array replicates). Summarily, each age group was analyzed by four replicate microarray hybridizations, and, comparing all four replicates, the average CV was 0.16, demonstrating very high reproducibility. In a comparable study, the average CV was 0.21 after data filtering that removed most of the genes with high CVs (17) . Array scans were inspected visually to confirm calculated ratios (Fig. 1 A) . CV calculations for all genes are in Table 3 .
Second, we designed the experiment to minimize bias due to individual polymorphism unrelated to the disease under study, thereby isolating changes specific to WS rather than individual patients. Age groups and WS patients were represented by an average of five cell lines, and RNA samples were pooled within each group before microarray hybridization. Preprofile mixing of RNA is a tested strategy (13, 16, 18) , and recent data (14, 15) suggest that stringent yet robust data can be generated by mixing a small number of individuals with a defined condition (n ϭ 5). These results confirm that preprofile mixing of RNA can effectively normalize both intra-and inter-patient sources of variation and that sample mixing results in relatively high sensitivity and specificity for gene expression changes that would be detected by many individual expression profiles. Pooling the RNA presupposes that variation within the group is smaller than variation between groups. To evaluate the validity of preprofile mixing of RNA in this study, in a preliminary experiment, RNA was isolated separately from three individual donors in each group and used to determine intra-group variability. Based on three three-way comparisons, the average intra-group CV was 0.13 vs. an average inter-group CV of 0.28 based on 27 three-way Shown is a representative selection of the 435 genes differentially expressed when either WS or normal old cells were compared with normal young cells, including the 249 to which function was annotated. *Fold difference in gene expression relative to normal young.
comparisons (Fig. 1B and Table 4 ). Grouping WS patients for gene expression analysis is consistent with the fact that different mutations found in WS all prevent nuclear localization of the protein that in turn loses its function (2) . Thus, the biochemical WRN null phenotypes are expected to be identical between different WS patients. To further assess the effects of preprofile mixing of RNA, for each group in our study, we evaluated the difference between the pooled gene expression values and the median of three individually analyzed cell lines. The data are shown in Table 5 , which also includes scatter plot representations of the correlation between pooled and individual gene expression. The average CVs were relatively low, indicating a good correlation: young, 0.32 (six pooled cell lines vs. median of three individual); old, 0.31 (five pooled cell lines vs. median of three individual); WS, 0.18 (four pooled cell lines vs. median of three individual). The CVs were highest for the young group, where only three of six donors were analyzed individually, supporting the hypothesis that multiple donors are needed to avoid bias from differences in genetic background.
This study was designed in cooperation with the Statistics and Experimental Design Section (SEDS) and the DAU, both part of the Research Resources Branch at the National Institute on Aging, National Institutes of Health. The SEDS and DAU reviewed study design and analysis protocols to ensure that they were appropriate for the anticipated comparisons and statistical procedures.
Gene Expression Analysis. We characterized gene expression patterns associated with WS and normal human aging by analyzing 6,912 RNA pol II transcribed genes across three groups of cell lines. When gene expression in normal old cells and WS cells was compared with the baseline gene expression of normal young cells, 6.3% (435) of the genes displayed Ͼ1.5-fold difference (Fig. 1D) . Down-regulation (70%) dominated over upregulation (30%). Using the LocusLink database (www.ncbi. nlm.nih.gov͞LocusLink͞͞index.html), we annotated function to 249 of the 435 genes that had known function. A major result of our study is the finding that 91% of the genes with known function displayed similar expression changes (difference Ͻ0.5-fold) in WS and normal aging (Fig. 2) . For these coregulated genes, the correlation coefficient between WS and old is 0.99, demonstrating an impressively similar regulation between WS and old on the level of individual genes. Further analysis was focused on genes with known function, and a representative selection of the coregulated genes is shown in Table 2 (all coregulated genes are in Table 6 , part A). Three percent were Table 6 , and select examples are listed in Table 2 .
differentially expressed in WS only (Table 6 , part B) and 6% were differentially expressed in normal old only (Table 6 , part C). A full list of all 435 genes and ESTs is shown in Table 7 ; the complete list of expression ratios for the 6,912 genes assayed is shown in Table 8 .
Gene Expression Changes Common to WS and Normal Aging. Functional categorization of the coregulated genes enabled us to speculate on the pathways affected in premature and normal aging. Fig. 3 gives the percentage of genes in each functional group relative to all genes coregulated in WS and normal old. DNA͞RNA metabolism and chromosomal recombination. The largest functional group consisted of genes related to DNA and RNA processing. Seventy-five percent of these were down-regulated. The gene displaying the largest decrease in expression was RNA pol II polypeptide A (POLR2A). Another RNA pol II subunit, polypeptide J (POLR2J), was also down-regulated. The RNA pol II complex transcribes protein-encoding genes and interacts with the promoter regions as well as with a variety of transcription factors, thereby controlling a wide range of cellular processes. We have shown that WS cells are deficient in pol II transcription (3) . In addition to RNA pol II itself, a number of RNA pol II transcription factors were less expressed with age. Transcription factor Dp-2 (TFDP2) is a component of the drtf1͞e2f transcription factor complex and regulates genes encoding proteins required for the progression of S-phase during the cell cycle. Reduced expression of the FOXM1 (HFH-11) transcription factor gene corresponded to previous findings in elderly patients and patients with Hutchinson-Gilford progeria (19) . The downregulated SMARCA1 and SMARCB1 products are part of a complex that opens the chromatin to facilitate the transcriptional machinery to access their targets (20) . Cell growth, cell cycle, and oncogenes. The growth-deficient phenotype of WS cells correlates with the repressed expression of 12 genes related to cell growth (Table 3) . Diminished capability in responding to growth factors was indicated by the reduced expression of BRF2, encoding a putative nuclear transcription factor regulating the response to growth factors. Gene downregulation included CSF3R, which encodes a receptor that transduces signals regulating the proliferation, differentiation, and survival of myeloid cells. Reduced expression of the insulin receptor gene INSR, insulin-like growth factor 2 gene (IGF2), and the IGF2 receptor (IGF2R) may provide insights into the increased incidence of diabetes mellitus in WS.
Based on the reduced replicative potential of WS cells and cells from normal old donors, we expected to see differential regulation of genes associated with cell cycle progression. Of the 11 genes related to cell cycle regulation, 7 were down-regulated (Table 6 ). Our findings support previous observations that mitotic misregulation is likely to play a role in the aging process (19) . Correlating with the increased occurrence of cancers in old age and in WS, we found up-regulation of oncogenes (NDRG1, PIM1, RAB11A, and PIK3CA) and down-regulation of tumor suppressor genes (ST14, ST16, DKK3, and BAP1). Stress response, DNA repair, and apoptosis. Transcriptional regulation of genes involved in apoptosis was ambiguous, possibly indicating a preference for specific apoptotic pathways in WS and normal aging. Four negative regulators of apoptosis (TIAF1, DAD1, BCL2A1, and BECN1) were down-regulated in both WS and normal aging, suggesting an increased susceptibility to apoptosis with age. This finding is supported by increased expression of TNFRSF10B that encodes a tumor necrosis factor (TNF) receptor. Expression was decreased for UBL1, which encodes a Rad51͞Rad52-interacting protein (21) that functions in recombinational repair and protects against anti-Fas͞APO-1 and TNF-induced cell death. At the same time, two proapoptotic genes are down-regulated, REQ encodes a protein that functions as a transcription factor required for the induction of apoptosis, and mitogen-activated protein kinaseactivating death domain is a propagator of the apoptotic signal. MAP2K4, also down-regulated, is found to be consistently inactivated in many types of tumors (22) . Decreased expression of PTK2B, whose product is involved in activation of the mitogenactivated protein kinase signaling pathway, supports an age-related mitogen-activated protein kinase pathway deficiency.
Gene Expression Changes Specific to WS or Normal Aging. Fourteen (6%) of the differentially expressed genes were specific to normal old, and seven genes (3%) were specific to WS ( Table 6 ). The genes specific to WS or normal old did not offer any apparent evidence for the phenotypic differences between the premature aging in WS and normal aging. A possible explanation for this finding is that differences will appear only under certain conditions, e.g., after challenging the cells. Further studies are needed to address this question and build on the work presented here.
Discussion
This report compares global genome expression patterns in WS patients with normal human aging. We used cDNA microarrays to characterize expression of 6,912 genes and ESTs across a panel of 15 human skin fibroblast cell lines from young, old, and WS donors. Postadolescent young controls, rather than children, were used to separate age-related changes from developmental changes (23) . Of the 6,912 genes assayed, 6.3% (435) displayed significant differences in expression, when cells from either WS patients or old donors were compared with cells from young donors. Among the 435 genes generated by the two comparisons, 91% of those with known function overlapped between the two, and their correlation coefficient was 0.99. This result suggests that not only the phenotypes but also the pathways involved in generating WS and aging are exceedingly similar. Our findings underscore the relevance of using WS as an aging model and represent a further step toward the desired goal of understanding the processes behind normal aging. Identifying genes whose expression changes by as little as 1.5-fold is particularly relevant because, in terms of normal physiology, age-associated gene expression changes are thought to be small (24) . Current data indicate that almost all changes in gene expression that are age-related occur in the 30% to 3-fold range (reviewed in ref. 25) . As a result of high reproducibility across replicate experiments, we were thus able to identify a large number of genes not previously known to be regulated during the aging process.
Gene expression changes associated with aging have been reported. A study by Ly et al. (19) using human cell lines compared genomic expression between children and elders. However, their setup did not discriminate between developmental changes through puberty and age-associated changes (23) . Since then, a number of studies in non-human species (24, (26) (27) (28) (29) have revealed complex aging-related expression patterns that thus far point to no single mechanism explaining the aging process. Welle et al. (30) found that only around one-third of age-related gene expression changes correlated between mice and humans, emphasizing the necessity of exploratory studies in human model systems. Existing information on gene expression in WS cells is sparse. In 1991, Murano et al. (31) published nine overexpressed extracellular matrix-related genes in one WS cell line. Protein expression in WS fibroblasts vs. normal was analyzed by Toda et al. (32) , who found that 12 proteins were differentially expressed. Their threshold of detection was 3-fold, and it is reasonable to assume that many proteins are differentially expressed at a lower level. It has been suggested that, in addition to RNA pol II, RNA pol I activity is affected in WS cells (33) . Shiratori et al. (34) recently proposed a role for WRN in rRNA unwinding and synthesis rather than mRNA synthesis. However, they also found that total RNA synthesis by WS fibroblasts was 43-90% of that in normal fibroblasts, an effect unlikely to be caused by defects in rRNA transcription alone. The microarrays in our study did not contain rRNA; thus, RNA pol I-dependent transcription was not addressed. Further work is needed to resolve the extent of change in RNA pol I and II activity in WS cells. In summary, little if anything is known regarding the role of WRN in the transcription of specific genes, and to our knowledge there have been no studies of global genome expression comparing WS and normal cells.
Gene expression patterns in senescent WS cells overlap with those in normal strains (35) , and senescence seems to be a p53-dependent event mediated via pathways identical to those in normal cells (36) . We saw no induction of p53 in either old or WS cells ( Table 6 ), indicating that the gene profiles reflected early passage rather than cellular senescence. Also, the gene profile of replicative senescence (early passage Ͻ25 population doublings (PDL), late passage Ͼ60 PDL) has previously been shown by Park et al. (37) to be different from progeria or elderly donor, suggesting that the gene profiles presented here are specific to normal aging and WS.
We found a strikingly high degree of similarity between transcription patterns in normal aging and WS. It has been hypothesized that several WS phenotypes are secondary consequences of aberrant gene expression (6) , and our results suggest that the same is the case for normal aging. The transcription process requires unwinding of the DNA duplex, and involvement of helicases in transcription is exemplified by the observation that one of the basal transcription factors, TFIIH, exhibits DNA unwinding activity (38) . In addition to WS, six other segmental progeroid syndromes are caused by mutations in helicase genes, which implies contribution of aberrant helicases to phenotypes in normal aging (6) . One of these is Cockayne syndrome (CS), in which we have demonstrated a transcription defect after hydrogen peroxide exposure (10) . CS has been speculated to be a ''transcription syndrome'' (39) , and the present work supports the hypothesis that altered transcription may also be central to the defect in WS. If aging pathways exist, these may involve helicases needed to unwind the DNA as well as proteins and regulatory factors required for transcription.
Genes in the DNA and RNA metabolism category accounted for 27% of shared transcription alterations (Fig. 3) , indicating that aberrations in DNA and RNA pathways are closely associated with WS and aging. This result is supported by previous findings that, in addition to its role in transcription, WRN copurifies with a 17S DNA replication complex (40) and participates in numerous protein-protein interactions, mainly with proteins related to DNA and RNA metabolism, including DNA repair (reviewed in ref. 9) . Although their biological relevance remains to be understood, protein-protein interactions are thought to contribute to the WS phenotype.
We propose a model in which WRN protein, by virtue of its helicase and transcription-activating activities, as well as its protein interactions, is directly or indirectly involved in the transcription of genes upstream in the network of ''aging pathways.'' Reduced expression of RNA pol II and associated transcription factors may directly affect the expression of many genes. Hyporecombination in WS could be related to suppressed expression of recombination proteins, such as UBL1, that interact with Rad51 and Rad52. Extended S-phase and reduced replicative potential in WS cells could be explained by the aberrant gene expression related to cell cycle progression. Growth-related genes seem to be uniformly down-regulated, correlating with the reduced growth potential of WS cells. Up-regulation of oncogenes and down-regulation of tumor suppressor genes correlate with cancer predisposition in WS patients and elders. Thus, defects in the transcription of the genes identified in this study could result in many of the complex clinical features of WS. The remarkable similarity between WS and normal aging suggests that WS causes the acceleration of a normal aging mechanism. On a broader level, our results support the use of WS as an aging model and imply that transcription alterations affecting specific pathways are also a major part of the normal aging process.
